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ABSTRACT 

We perform a detailed study of the gamma-ray burst GRB091127/SN2009nz host galaxy at z = 0.490 using the VLT/X-shooter 
spectrograph in slit and integral-field unit (IFU). From the analysis of the optical and X-ray afterglow data obtained from ground- 
based telescopes and Swift-XKT we confirm the presence of a bump associated with SN 2009nz and find evidence of a possible jet 
break in the afterglow lightcurve. The X-shooter afterglow spectra reveal several emission lines from the underlying host, from which 
we derive its integrated properties. These are in agreement with those of previously studied GRB-SN hosts and, more generally, with 
those of the long GRB host population. We use the Hubble Space Telescope and ground based images of the host to determine its 
stellar mass (M-,,). Our results extend to lower M* values the M-Z plot derived for the sample of long GRB hosts at 0.3 < z < 1.0 
adding new information to probe the faint end of the M-Z relation and the shift of the LGRB host M-Z relation from that found from 
emission line galaxy surveys. Thanks to the IFU spectroscopy we can build the 2D velocity, velocity dispersion and star formation 
rate (SFR) maps. They show that the host galaxy has a perturbed rotation kinematics with evidence of a SFR enhancement consistent 
with the afterglow position. 

Key words. Gamma-rays bursts: individual: GRB 091 127 - supernovae: individual: SN 2009nz - Galaxies: ISM - Galaxies: evolution 

1 . Introduction can also be inferred from the presence of a rebrightening of the 

^, . . ^ , , T ^T^T, s •. GRB afterglow optical lightcurve after a few days from the burst. 

The association of long gamma-ray bursts (LGRBs) with The firs t evidences of such bumps were reported bvlBloom et al.l 

broa d- ined type Ic superno vae (SNe) is now well established ^j^g^^ iGalamaetalJ (12000) and iLazzati et all (12001^ and the 

^^■^- fe^i^ r'^ 201 1 | and ref eres^s therem; see hgw- spectroscopic obser vations obtained f or some of them confirmed 

ever GRB 060 6 U ^Della vSb^ iOOi EEmSI] M ,1 ,,,<,eiation re... l Della Valle et al. l^003h . The possibility that 

| Gal-Yametal. || 2006|) . SN spectral feah ires have been foun d m ^ ^^^^-^^ collapsing star might launch relativistic jets capable 

the afterglow spectra ofTL^Bs (see St arlmg et alj|2011 and ^^ power ing a gam ma-rav burst was already predicted theoret- 

ref erences therein; Sj mMjLlBO 11 and the more recent claim jcall y bv lvLalT993h with the now called coUapsar model 

by| Bergeretal. | 201l |forS N 2009nz). The association with a SN (M acFadven & Wooslevlfl999h . Further evid ence for the LGRB 

* Based on observations made with ESO Telescopes at Paranal 
Observatory under programmes ID 084.A-0260 and 086.A-0874. 



SN Ic connection comes from the study bv lKellv et alj (l2008h 
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showing that SNe Ic and LGRBs are similarly distributed within 

their hosts. 

SNe Ic, in particular the highly energetic, broad-lined Ic Telescope 
SNe, are likely pr oduced by mas sive, rotating Wolf-Rayet (WR) 
progenitors (see Crowther 200 / for a review), making this kind 
of stars the best candidate LGRB progenitors (as single stars or 
in binary systems). Indeed WR spectral feat ures have been found 
in the spectra of some LGRB host galaxies dHammer et al.l2006t 
iHan et al.l2010h . nonetheless, the spatially resolved observations 
performed for one of these hosts (GRB 980425) showed that the 
WR region was located hu ndreds of parsec away from the LGRB 
site (iHammer et al.ll2006l) . WR wind signatures might also be 
found in the afterglow spectra dvan Marie et al.ll2008l) even if 
up to date their claimed detections are debated (ISchaefer et al.l 



Table 1. GRB 09 11 27 OT and host galaxy photometi-y 



Obs. time 
(days) 



Filter Mag' 



W 



Exp. 
time (s) 



Castro-Tiradoetal. 2010; Chen et al. 200 






2003; Mirabal et al. 2003; Fiore et al. '20051; IStoling et al.ll2005[ 



The ratio of the LGRBs and SN Ib/c rate is o f about 1% 
dGuetta & Delia Valid 120071: |Soderberg et al.' 2010), therefore 
only a very small fraction of massive stars dies producing a 
LGRB. It is still not clear which are the peculiar conditions that 
lead a massive star to have the special kind of core collapse that 
triggers the formation of a jet and a LGRBs. Metallicity is one of 
the fundamental parameters predicted to impact the evolution of 
massive stars as well as their explosive deaths and, together with 
rapid rotation, is expect ed to play a fundamental role in the for- 
mation of LGRBs (e.g. 'Heser et al."2003^, lYoon et al.ll20Tol and 
references therein). Modiaz et al. (2008) show that the SNe asso- 
ciated with LGRB seem to prefer lower metallicity environments 
than broad-lined Ic SNe without a LGRB association. 

A possible way to retrieve information on LGRB progeni- 
tors and on the physical properties of LGRB regions is through 
spectroscopy of their host galaxies. Global properties of the 
hosts (metallicity, star formation rate, etc.) can be determined 
and more detailed investigations can be performed for nearby 
galaxies for which, through multi-slit and/or integral field unit 
(IFU) spectroscopy, we can build metallicity, SFR, density and 
velocity maps. It is therefore possible to look for peculiarities 
of the LGRB and its near-by regions and to study the kine- 
matics of the gas in the galaxy. To date, spatially resolved 
studies of LGRB host galaxies have been performed only for 
the low-redshift GRB 980425, GRB 060505 and GRB100316D 
(z = 0.0085,0.0889,0.1 218, 0.05 93, respectively;lHammer et al 



2006l;IChristensenetal. 2008; Thone 



2011) 



'espectively ; 
etaDHooil 



Levesque et al 



The study of LGRB hosts can also bring useful informa- 
tion to galaxy evolution studies. LGRB hosts form a sample 
of galaxies not selected by luminosity (the possibility of study- 
ing their properties is of course observationally partially biased 
towards brighter hosts though), that can be complementary to 
those of current surveys of galaxies. It has been recently shown 
that they are systematically offset to lower metallicities with re- 
spect to the mass-metall icity relation found from the surveys of 
emission Une galaxie s dHan et al.l 120101: ILevesque et al.l 120101: 
iMannucci et alJf201 ih . In order to explain this behaviour and 
to build a complete picture of galaxy evolution, it is impor- 
tant to increase the LGRB host sample to confirm this result 
and to determine if and how it evolves at higher redshift. IFU 
surv eys of intermediate redshift gala xies performed in the past 
(e.g. lFlores et al.l 120061 ; iPuech et al] |2006) show the power of 
this technique in determining the dynamical properties of the 
galaxies demonstrating the presence of several galaxies with 
perturbed kinematics due to mergers or outflows and therefore 
adding important pieces to the galaxy evolution scenario. With 
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(a) Magnit udes are corrected fo r Galactic extinction of E{B - V) = 
0.038 mag JSchlegel et ^119981) . B, V, R, 1, J, H, K are Vega magni- 
tudes, whereas g, r, / and z are AB magnitudes. 



IFU observations of LGRB host galaxies it will be possible to 
extend these studies to lower mass and lower metallicity objects. 

Together with the analysis of the afterglow lightcurve, 
we present in this paper a detailed study of the host galaxy 
of GRB 091 127 at z = 0.49044 associated with SN2009nz 
(Cobb et al. 2010; Berger et al. 201 1), carried out using VLT/X- 
shooter (iP'Odoricoet all l2004l) echelle slit and IFU spec- 
troscopy. This is the first paper presenting data obtained in the 
X-shooter IFU mode. 

In Section 2 we present the multiwavelength photometry 
of the GRB 091 127 afterglow and host galaxy obtained with 
ground-based facilities and the Hubble Space Telescope (HST). 
These data and the Swift-XKY ones are fitted together to ana- 
lyze the lightcurve (Section 3). Sections 4 and 5 are dedicated 
to the longslit and IFU spectroscopic data, respectively. The re- 
sults on the integrated properties of the host galaxy are reported 
in Section 6, whereas in Section 7 the IFU 2D host galaxy maps 
are shown. Our findings are discussed in Section 8 and conclu- 
sions are drawn in Section 9. 

2. Photometry of the afterglow and of the host 
galaxy 

We obtained multiwavelength photometry of the afterglow 
lightcurve and the burst host galaxy from ~ 1 hr to ~ 400 days 
(observer frame) after the GRB explosion, using the HST and 
several ground based facilities (see Tab.[TJ Fig. [T)- 

The early epoch J and H images, observed with 
REM-REMIF(3, were automatically reduced by the task 



http://www.rem.inaf.it/ 
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PREPROCESS (Idi Paolal 120011: slsy subtraction, average of 5 
dithered images). The photometry was performed with GAIAQ 
using an aperture of 5" (5 pixel) compatible with the measured 
FWHM (2.5") . The zero point cali bration is based on three 
2MASS stars dSlcrutslcie et alj 120061) sufficiently bright in the 
GRB field. The TNG-DOLoRecf images, 16 in the R filter for 
the afterglow observation, 2 in the filters B, V and I for the late 
time host observation, were shifted and averaged. The fringes 
in the / images were removed using the frame of reference pro- 
vided by the TNG web pages. The photometry was performed 
with GAIA using the PSF method (the measured seeing is ~ 1" 
in all cases). The calibration of the zero point is based on 9 sec- 
ondary standard stars in the GRB field. 

The reduction of both the optical and near-IR GTCfl NOT0 
and CAHAQ data was done with IRAFQ following standard pro- 
cedures. The photometry of the reduced images was carried out 
running PHOT aperture photometry as implemented in IRAE 
We used as radius of the aperture the EWHM of the seeing. The 
optical calibration was obtained observing a standard star at an 
airmass similar to the one of the GRB and assuming the extinc- 
tion coefficients of La Palma. The /T-band calibration is based 
on 12 bright unsaturated field stars present in the 2MASS cata- 
logue. 

Continuum observations at 870 fim were also carried out, 
using the LABOCA bolometer array, installed on the Atacama 
Pathfinder Experiment (APEX0) telescope, on 2009 November 
28th and 29th. The total on source integration time of the 
two combined epochs was 6.4 hr (2.9 and 3.5 hr in the first 
and second epoch, respectively). Data were reduced using the 
Crush2 softwarq3- We obtained 3cr upper limits of 14.9 mJy and 
13.2mJy for each of the two epochs, respectively, and 9.6 mJy 
for the combined epochs. 

Host galaxy observations of GRB 091127 using the HST 
have been obtained on 16 December 2010, utilizing the WEC3 
in the H band (E160W). An exposure time of 906 s was ob- 
tained in two dithered exposures, and reduced in the standard 
HST fashion. At the location of the optical afterglow we clearly 
see the underlying host galaxy, whose centroid is offset relative 
to the position of th e optical afterglow by only ~ 0.2", confirm- 
ing the analysis of lCobbetal] (12010 ). The host has H(AB) = 
22.88 + 0.04, //(Vega) = 21.62 + 0.04, that, considering the op- 
tical host galaxy magnitudes obtained with the TNG, suggests 
that, like many LGRB hosts the host of GRB 091127 is rela- 
tively blue. 

We calculated the probability P^h that the identified galaxy 
is a chance superposition and not physically related to the GRB. 
Using the procedure described in iBloom et alj (l2002h . we find 

Pch~4xl0-^ 



http://astro.dur.ac.uk/~pdraper/gaia/gaia.html 
http://www.tng.iac.es/ 
http://www.gtc.iac.es/en/pages/gtc.php 
http://www.not.iac.es/ 
* http://www.caha.es/ 

^ IRAF is a software distributed by National Optical Astronomy 
Obserx'atories . 

^ APEX is a collaboration between the Max-Plank-Institut fiir 
Radioastronomie, the European Southern Observatory and the Onsala 
Space Observatory 
' http://www.submm.caltech.edu/~sharc/crush/ 



Table 2. Fit results. Error ranges for the optical analysis and the 
X-ray temporal analysis are at Icr, whereas for the X-ray spectral 
analysis they represent the 90% confidence level. 



Optical data 





Best fit Range 


«1 


0.51 [0.30,0.73] 


«2 


1.74 [1.46, 2.08] 


fbreak (days) 


0.45 [0.24, 0.71] 


P 


+0.18 [-0.43,0.81] 


E(B - V)lmc 


0.16 [0.03,0.31] 


k 


1.1 [0.71, 1.48] 


^7d.o.f. 


53.96/44=1.23 



X-ray data: temporal analysis 





Best fit Range 


«1 

fbreak (days) 


1.09 [1.03, 1.14] 
1.55 [1.51, 1.58] 
0.38 [0.29,0.51] 


x7d.o.f. 


376.09/364=1.03 



X-ray data: spectral analysis 





Best fit Range 


Nh (10-' cm--) 


1.31 [0.83,1.81] 
0.93 [0.82,1.04] 


C-stat(d.o.f.) 


327.42(395) 



3. Analysis of the afterglow emission 

We added to the optical/near-infrared (NIR) observation pre- 
sented in Sect.|2] the X-ray afterglow products (see Fig.[T]) 
found in the Swift-XRT light-curve and spectra repositories 
(lEvans et alJl2007[l2009h . 

In order to analyse the afterglow emission, we fitted the 
ph otometric data in Table [1] together with the data published 
bv lCobb et alJ (1201 0) and the X-ray data with power-laws both 
for the spectral and temporal regimes, following usual con- 
ventions (Fy oc t^"v^^). For the optical spectral analysis we 
also considered rest-frame extinction following the Milky Way 
(MW), Large and Small Magellanic Clouds (LMC and SMC), 
and starburst (SB) recipes (Pei 1992t ICalzetti et all 1 1994 ). For 
the X-ray data we considered neutral rest-frame absorption 
dMorrison & McCammon|[l983h . In both cases the effect of ex- 
tinction due to dust and absorption due to gas in the Galaxy 
has been previously removed. For the optical data fit we used 
a broken power law with the addition of a late-time constant 
component, the host galaxy, and a SN component modelled fol- 
lowing SN 1998bw (Galama et al. 1998; McKenzie & Schaefei 
'1999t ISollerman et al.l 12000; Patatetal. 2001; Soll erman et aL 
20021), i.e. the same used by Cob b et al. (2010) . The SN tem- 
plate was K-corrected assuming a linear relation between the 
adjacent bands of the SN 1998bw observations. A possible scal- 
ing factor k for the whole SN component was also introduced in 
the fit. The temporal properties of the SN turned out to be fully 
consistent in all bands with SN 1998bw shifted at the redshift 
of GRB 09 1 1 27 and with A: = 1 . 1 . It dominates the optic al light- 
curve from about a week and it is significant up to about 200 days 
from the burst, whe n the host galaxy stable emission began to be 
observed. Recentlv |Berger et al.l (12011 ) claimed the detection of 
supernova features in their Gemini spectra, confirming the asso- 
ciation of GRB 091 127 with a SN and finding that the SN shows 
spectral properties similar to those of XRF 06021 8/SN2006aj. 

Although the global shape of the optical light-curve al- 
lowed us to separate well the various components, it immedi- 
ately turned out that there are severe cross-calibration uncertain- 
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Fig. 1. Optical and X-ray light-curves of the GRB 091127 afterglow. The symbol legend is to the right of the plot. Fluxes have been 
rescaled for clarity, except for the R- and r-filters (UVM2 x 200, UVWl xlOO, U x50, Bx20,V x6, gx6, Ix 0.2, / x 0.2, z x 0.05, 
J X 0.01, H X 0.005, K X 0.00 2 and X x 0.01). C olored symbols correspond to our data set, whereas grey symbols refers to the data 
published in the literature (see ICobb et al.ll2010i and references therein). The solid curves show the best fit for each band. A color 
version of this figure is available onUne. 



ties among the many instruments providing the available data. 
[Cobb et al. (2010) mention a systematic calibration error of 0.05 
considering their data alone. In order to obtain an acceptable x^ 
for the global fit we needed to add a 10% uncertainty in quadra- 
ture. This effectively means that we are not able to study possible 
low-amplitude variations, and only the global light-curve shape 
can be effectively modelled. 

The X-ray light-curve is remarkably smooth and could be 
well modelled by a broken power-law with a break at about 
33 ks. The break is consistent with being simultaneous at op- 
tical wavelengths. The post-break decay slopes are consistent 
between optical and X-rays within errors, while the pre-break 
decay in the optical is significantly shallower than at higher en- 
ergies. The X-ray spectral slope is slightly lower than 1 while, 
within the weak constraints of the fit, the optical spectral slope 
is much harder and i t shows no evidence of spectral evolution 
(see also ICobb et al.l 12010). This is not an unprecedented be- 
haviour, as very blue optical spec tra have already be en reported 
in the past (e.g. for GRB 060908. ICovino et al.ll20T0 ). The opti- 
cal spectral slope and rest-frame extinction show a high degree 
of degeneracy. The best fit would indeed require a non negligible 
rest-frame absorption following the LMC ex tinction curve (see 
Tab. 2). All other recipes provided worse fits. lCobb et al.l(l2010h 
for their observation covering a shorter wavelength range find 
that a smaller amount of absorption (Ay = 0.2 mag, correspond- 
ing to E{B - y)LMC - 0.06 mag using their parameterization) is 
compatible with their data. 

The results of the fits are shown in Tab.|2] 



4. X-shooter long slit spectroscopy 

X-shooter long slit spectra of GRB 091 127 were obtained un- 
der the GTO program (084A-0260; PI: J. Fynbo) dedicated to 



GRB afterglow spectroscopy. For technical reasons, we could 
start the observation on ly about 4.2 days after the GRB explo- 
sion (iThone et al.ll2009i) . at 03:17 UT on Dec 2, 2009. The ob- 
servation consisted of 4 x 1500 s exposures in the UVB, VIS and 
NIR arms (see Tab.[3]l with an average seeing of 1". 

We processed the fr ames using version 1 .2.0 of the X-shooter 
data reduction pipeline (iGoldoni et al.ll20061) . The data reduction 
was performed with the following steps. The raw frames were 
first subtracted and cosmic ray hits we re detected and removed 
using the method developed bv lvan Do kkum ( 2001). The frames 
were then divided by a master flat field produced using daytime 
flat field exposures with halogen lamps. The spectral orders were 
extracted and rectified in wavelength space using a wavelength 
solution previously obtained from calibration frames. The result- 
ing rectified orders were then shifted and added to superpose 
them thus obtaining the sky subtracted 2D spectrum. After these 
steps, the orders were merged and in the overlapping regions the 
merging was weighted by the errors which were propagated dur- 
ing the process. From the resulting 2D merged spectrum, a one 
dimensional spectrum was extracted at the source position with 
the corresponding error files and bad pixel maps. 

The afterglow continuum is detected across the whole spec- 
tral range, even if its S/N is pretty low (also due to the ef- 
fect of the nearby Moon) reaching a maximum of 5.5 in the 
VIS arm of the spectrum. Several emission lines from the host 
galaxy of GRB 091 127 are clearly identified, superimposed on 
the afterglow continuum, in the UVB and VI S spectra at a com- 
mon redshift of 0.49() 44 + 0.00008 (see also iThone et~ani2009l: 
ICucchiara et al.l 120091) and spanning about 150 km s"'. We do 
not detect any line in the NIR spectra. The overall ID spectrum 
was flux calibrated using the reference standard stars observed 
during the same night and it was subsequently cross-checked and 
corrected using the corresponding magnitudes of the afterglow 



S. D. Vergani et al.: GRB 091 127 and its host galaxy 5 

Table 3. X-shooter observation log. From column 2 to 8 we report the observation date together with the observing run, the 
observation mode, the arms used, the corresponding binning, total exposure time, slit width and central wavelength resolution, for 
both slit and IFU observations. 



GRB 091127 


Date 


Mode 


Arm 


Binning 


Total exp. t 


ime 


Slit width 


Resolution 




Program ID 








on source 


(s) 


(") 


A/AA 


slit 


02 Dec. 2009 


Nodding 


UVB 


1 x2 


6000 




I.O 


5100 




084A-0260(C) 




VIS 


1 x2 


6000 




0.9 


8800 








NIR 


Ix 1 


6000 




0.9 


5100 


IFU 


10 Oct. 2010 


Staring 


UVB 


Ix 1 


3300 




0.6 


7900 




086.A-0874(A) 




VIS 


1 X 1 


3300 




0.6 


12600 








NIR 


1 X 1 


3300 




0.6 


8100 



according to the photometric data and fit reported in Section |2] 
Slit-aperture flux loss corrections are therefore included in this 
procedure. 

The observed emission line fluxes were measured using a 
self developed code and cross-checked with the SPLOT task in 
IRAF The results, corrected for Galactic extinction, are listed in 
Tables 

We looked for absorption lines but we can only report a ten- 
tative Mg II A2196 absorption at the limit of the detection, with a 
rest frame equivalent width of about 2.5 A blueshifted by about 
460 km s' from the emission lines. 

Table 4. Observed emission-line fluxes corrected for Galactic 
extinction. Upper limits are calculated at 3-cr. Errors shown here 
do not take into account a 10% systematics due to flux calibra- 
tion uncertainties. 



Emission line 


Flux 




10""ergs-' cm-2 


[Oii]A3726 


5.0+1.2° 


[Oii]^3729 


8.2 ±1.2° 


[Nein]^3869 


<2.8 


H(5 


<2.5 


Hr 


1.0 ±0.4 


[Gni]^4363 


< 1.6 


H/3 


2.0 ±0.3 


[Oiii]/14959 


2.8 ± 0.3 


[Oiii]/I5007 


7.9 ± 0.3 


Ha 


5.5 ± 0.3 


[Nn]i6584 


< 1.0 


[Sii]^6717 


1.5 ±0.5* 


[Sii]-16731 


< 1.2 



Notes: (a) The larger errors on the [O ii] fluxes are due to the nearby 
Moon and to the fact that the [O ii] lines fall right in the range of the 
dichroic between the UVB and VIS arm where the transmission is there- 
fore not optimal, (b) Tentative detection: possible emission near a sky 
Une. 



5. X-shooter IFU spectroscopy 

X-shooter IFU spectra of GRB 091 127 were obtained under ex- 
cellent seeing conditions in October 2010 within the Italian- 
French GTO program (086A-0874; PI: S. Piranomonte) dedi- 
cated to GRB host galaxy spectroscopy (see Tab.|3]l. We used an 
object-sky sequence with an exposure time of 3300 s in each po- 
sition. The position of the IFU field of view is shown in Fig.|3] 
The IFU was positioned on the host galaxy centre using blind 
off'sets. The pointing error should be less than 0. 1". 
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Fig. 2. Emission lines in the ID slit VIS and UVB spectra (up- 
per and lower panel, respectively), shown in the velocity space 
centered atz- 0.49044. Flux unit are ergs s"^ cm"^ A"' . 



S. D. Vergani et al.: GRB 091127 and its host galaxy 



5.1. IFU data reduction 

The IFU data reduction recipe is still under development within 
the ESO pipeline. We have been able however to reduce the VIS 
arm data, using the recipe developed for the slit observations 
and correcting for the sky background via standard programs un- 
der IRAF and IDL. Differently from the slit mode, for the IFU 
mode the atmospheric dispersion compensators (ADCs) are not 
in the optical path, therefore the IFU mode is strongly affected by 
the atmospheric dispersion. Specific IDL programs were used to 
corr ect the athmosphe ric dispersion and construct the datacube 
(see lFlores et alj201 lb . The standard star GD71 was used to cal- 
ibrate the flux of the datacube. 

The final datacube (constructed around the [Oiii]/I5007 
emission line) has a spatial resolution of 0".l x 0".6 (equiva- 
lent to 0.6 X 3.6 kpc^) and we kept the spectral resolution of the 
observations (R = 12600 for the VIS arm). 



6. Integrated properties of the host galaxy 

Using the emission lines present in the slit spectrum we can de- 
termine some integrated properties of the host galaxy. Assuming 
a temperature T, = 10000 K, from the [Oii]^^3727,3729 
and [Sii]/I6717, 6731 ratio we infer an electron density n^ < 
200 cm"^. The comparison of the observed flux ratio of the 
Balmer hydrogen emission l ines with the valu es expected in 
the case B recombination in lOsterbrocM (Il989h shows that no 
significant Balmer absorption correction is needed and that the 
ratios are consistent with Ay - Omag (within errors values of 
Ay < 0.3 mag are allowed), indicating a blue host galaxy domi- 
nated by a young star population as also supported by the galaxy 
colors . 

We determine the metallicity of the host using the R23 cali- 
br atorby thelK obulnicky & Kewley (2004) method as described 
in lKewlev & E llison (2008). We find 12+log(0/H)=8.72 + 0.16 
using the lower branch formula and 12-i-log(O/H)=8.04 + 0.16 
for the upper branch. This indicates that we are at the turnover 
point of the double-valued 7?23 diagnostic, that in fact oc- 
curs at the maximum value of log(/?23) - 1 (see Figs. 6 
and 7 of iKobulnickv & KewlevI |2004|) which corresponds to 
the value determined from our data. From the models, the 
metallicity corresponding to this value is 12+log(0/H)~ 8.4 
(IKobulnickv & Kewlevll200? ), with an error of ~ 0.1 dex. 

Using the the relations foun d by Kewlev & Ell ison (l2008h 
we can convert this value to the iPettini & Pagell (12004) 03N2 
diagnostic finding 12+log(0/H)= 8.2. This result is consistent 
with the limit on the metallicity determined using the 03N2 
diagnostic with our data, i.e. 12+log(0/H)< 8.3 (it should be 
noted that this diagnostic is valid only for 03N2 < 2. We can 
only assume that this condition is satisfied for the GRB 091 127 
host, since we have only an upper limit for the [N 11] flux giving 
03N2> 1.2). 

We a lso determined the me tallicity using the method fol- 
lowed by iMannucci et al.] (1201 Oh bas ed on the simultaneou s fit- 
ting of strong line ratios described in lMaiolino et al.l (l2008h . We 
find in this case 12-Hlog(0/H)=8.34+°-^°. 

We calculate the SFR using the Ha emission line following 
the prescription given in lKennicu tt ( 1998) a nd con sidering both 
the initial mass function (IMF) of.Salpeterl (11955 ) and that pro- 
posed by iBaldrv & GlazebrooM (l2003h used by ISavaglio et alj 
('2009') for GRB host galaxies. We find SFRh^ = 0.40, 0.22 ± 
0.03 Mo yr"', respectively. 

We used the HST and TNG late time photometry of the 
GRB host to build the SED and infer the stellar mass (M*) 




Fig. 3. HST H-band (F160W) image of the field of GRB 091 127. 
The 1'.'8 X 3'.'5 IFU field of view is shown over the GRB host 
galaxy. The black arrow represents the direction of the IFU 
maps. The afterglow position (see Sect. 7.1) is indicated by the 
white circle. 



of the h ost galaxy. We fit the SED using Char iot & Bruzual 
models (iBruzual & Chariot! 120031: lBruzua]|l2007h . We assumed 
a Salpeter IMF and constructed grids of r-exponentially de- 
clining star formation histories spaced at 0. 1 Gyr intervals from 
T = to 0.5 Gyr, and at 0.5 Gyr intervals beyond, and age 
t. Following the results obtained from the slit spectroscopy, 
we fixed Z - 0.008 (that, among the values available, is 
the closest to the 12+log(0/H) metallicity determined above) 
and Ay - Omag. Within a confidence interval of 68% we 
find T E [100; 6000] Myr, t e [227;905]Myr and a stellar 
mass of log(M*./Mo)=8.6+0.1. Considering the average con- 
ve rsion factor to derive stellar masses using the IMF adopted 
in Savag lio et al.l (2009), the mass we obtained corresponds to 
log(M*/Mo)=8.3.lLevesaue et al. (20 10) found that their masses 
determir ied using a Chabriej (l2003h IMF are consistent with 
those of ISavaglio et al.i (i2009l) . therefore this latter value can be 
used when comparing with the m asses of the GRB host galaxies 
studied bv lLevesque et al.l (l2010h . 

The specific star formation rate (SSFR) calculated with the 
SFR and M* determined above is log(SSFR)(yr-')=-9.0+0.1. 

From the host galaxy late time photometry we derive an ab- 
solute Z?-band magnitude of Mg = -18.4. The host galaxy is 
therefore sub-luminous even considering the luminosity function 
of irregular and starburst galaxies only (Dahlen et al.t2005:) . 



7. IFU 2D maps 

7. 1 . Velocity and velocity dispersion maps 

We used the software developed for the FLAMES/GIRAFFE in- 
strument t o recover the veloc i ty field and the velocity dispersion 
(cr) map dFlores et al.l 120061: lYang et al.1 12008). Velocity fields 
have been derived after subtraction of a cr-clipped mean of all 
velocities, and considering only spaxels with S/N > 4. The fit of 
each accepted spaxel was checked by eye. 

Fig.m shows the velocity field and the velocity dispersion 
(cr) maps obtained using the [Oiii]/15007A emission line of the 
host galaxy. For better viewing we show the interpolated maps 
(spaxels of (y.'l xO'.'l, real spaxels being (X.'l xO'.'6). The velocity 
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Fig. 4. /rem fop to bottom: IFU velocity, velocity dispersion and 
SFR (Salpeter IMF) maps (1" = 6.018 kpc). Each map is ori- 
entated following the direction of the arrow reported in Fig. [3] 
(bottom to top). The afterglow position is indicated by the white 
cross. The velocity and velocity dispersion maps are interpolated 
to spaxels of 0".l x 0".l for better viewing. A color version of 
this figure is available online. 



map indicates a rotating galaxy and the cr-map shows an offset of 
the velocity dispersion peak from the galaxy center . Such kine- 
matics have been defined as perturbed rotation by iFlores et al.l 
(120061) for their 3D VLT/GIRAFFE galaxy survey. Even using 
the HST image of the galaxy, it is difficult to check if the mor- 
phology and the kinematics have the same principal axis, pre- 
venting a deeper interpretation of both maps. We can only notice 
that the velocity field does not seem to follow the galaxy ma- 
jor axis direction. Galaxies with the velocity field not aligned 
with their major axis have been found in the 3D VLT/GIRAFFE 
survey and defined as galaxies with complex kinematics (e.g.: 
IFlores et al.ll2006tlPuech et~aDl2006h . 

Using the HST host galaxy image and the GEMINI afterglow 
images we could determine an off'set for the afterglow position 
of 0.29 + 0.05"south and 0.08 + 0.05"east from the host galaxy 
centre (we find comparable results also using diff'erent afterglow 
images from our dataset). While the o ff'set in the southe rn di- 
rection is consistent whit that found by 'Cobb e t al] ( 1201 Ol) . they 
found a small offset in the western direction. The discrepancy 
could be due to the better resolution of the host galaxy of the 
HST image. In both cases, the GRB afterglow is located at the 
border of the high dispersion region. 

7.2. SFR map 

The SFR map has been reconstructed from the He emission 
line assuming no extinction (as deduced from the slit observa- 
tion). Given the weakness of the Ha emission line, we build a 
datacube with a spatial resolution of O'.'S x 0'.'6 (equivalent to 
3.0 X 3.6 kpc^), in order to increase the S/N of each spaxel. The 
emission of each spaxel was measured with automatic software 
and manually with IRAF Only spaxels with a S/N > 3 are con- 
sidered in the map shown in Fig.|4] The peak of the star for- 
mation is close to the position were the peak of cr is detected. 



The GRB afterglow location is consistent with the star forma- 
tion peak region. 

8. Discussion 

8.1. Jet break 

Although a full analysis of the temporal and spectral behaviour 
of the afterglow is beyond the purpose of this paper, it is interest- 
ing to discuss some of the main features. A break is observed si- 
multaneously in the X-ray and optical light curves. This has been 
traditionally interpreted in terms of a jetted outflow. In this case, 
according to the standard afterglow model dZ hang & Meszaroi 
2004 and references therein), the post-break decay slope is inde- 
pendent of the wavelength and is determined from the electron 
energy distribution index. 

For GRB 09 11 27, the X-ray light curve is better sampled and 
is not contaminated by the SN and host components. However, 
the X-ray decay after the break is too shallow even adopting an 
extreme value for the electron distribution index p < I (for- 
mally p ^ 0.2 is required, an unphysical and unpredented value), 
which makes this model disfavored. The behaviour of the light 
curve after the jet break is however determined by the complex 
physics that regulate th e jet sideways expansion, and is there- 
fore quite uncertain (Granot '2007"; 'Meli ani & KeppensI 120101: 
van Eerten & MacFadven 2011). Limiting our analysis before 
the jet break, our data are roughly consistent with model pre- 
dictions. A flat electron index is required given the hard slope 
ySx of the X-ray spectrum (p = 2/3x = 1.86 + 0.20). The op- 
tical and X-ray decay slopes predicted for this value of p are 
ffopt = 0.72 + 0.04, ax = 0.97 + 0.04, compatible with the ob- 
served values within the errors (Table 2). A low value of p also 
predicts a blue optical spectrum with/3opt - 0.43 + 0.10, again 
consistent with the observed optical SED. 

A different possibility to explain the shallow decay of the 
optical and X-ra y light curves is lon g-lasting energy injection in 
the fireball (e.g. IZhang et al.ir2006l) . alre ady invoked to explain 
seve ral of the X- ray light curves (e.g. iPanaitescu et al.l l2006t 
Lia ng et al]|2007l) . In this case, the break might either pinpoint 
the end of the energy injection, or represent the usual jet break, 
in which case energy injection would last till after the end of the 
Swift observations. The former possibility is ruled out, since the 
observed a and (3 in the X-ra y range do not obey the expected 
closure relations (IZhang & M eszaros 2004). Even if energy in- 
jection is significant, we therefore conclude that the most likely 
interpretation for the observed break is the jet eff'ect. 

Such interpretation is consistent with the typica l brea k 
times of cosmological GRBs (e.g. iGhirlanda et al.l l2005l) . 
Using the Fenn i-GBM spectral parameters reported by 
iNava et al] (1201 ll) (in agreement with t hose of the Fermi 
team GCN; IWilson-Hodge & Preecd l2009ft we show in Fig.|5] 
that GRB 09 11 27 is consistent with the peak energy (fipeak) - 
isotropic energy (^iso) correlation and the Speak - collimation 
corre ct energy (Ey) correlation (Amati 2006: Ghirlanda et aD 
I2OOI . 



8.2. Properties of the GRB 091 127 tiost 

The integrated properties of the host galaxy of GRB 09 1 1 27 (low 
mass, low luminosity, low metallicity and high SSFR) are com- 
parable with those of the other host galaxies of LGRBs associ- 
ated with SNe (Soflerma net al. 2005; Stai'ling et al. 2011) and 
more in general with LGRB hosts (e.g. ISavaglio et al.M2009l : 
iLevesque et al.l 1201 Oh . Our flux measurements implies an Ay 
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is shown by the red stars. A color version of this figure is avail- 
able online. 



consistent with zero, in disagreement with the value obtained 
from the afterglow light-curve fitting. This indicates that the dust 
responsible for the GRB afterglow extinction is spatially local- 
ized and does not affect the overall emission of the galaxy. 

Recently, interest has grow n on the mass-m etallicity (M-Z) 
relation of LG RB host galaxies. iLevesque e t al. (2010) (see also 
iHan et al]l2010) showed that there is an off'set between the M-Z 
relation of LGRB hosts with z < 0.3 and that of nearby SDSS 
star-forming galaxies and between DEEP2 emission line galax- 
ies at (z) = 0.8 and LGRB hosts with 0.3 < z < 1. These works 
indicate that LGRBs occur preferentially in galaxies with lower 
metalUcity compared to the general star-forming galaxy popula- 
tion. On the other hand, they also show that LGRB host galaxies 
do not follow a metallicity cut-off and therefore a low-metallicity 
host does not seem to be a key driver for the production of 
a LGRB. This result can be extended also to the LGRB envi- 
ronment, assuming that for such small galaxies there is a small 
metallicity gradient and that the average metallic ity of the host is 
comparable to that of the GRB environment (e.g. ILevesque et all 
[2011) . 

In a recent work, iMannucci et al.l (1201 Ol) found a new gen- 
eral relation between th e stellar mass, the met allicity and the 
SFR of galaxies (see also lLara-Lopez et al.l2010h . This so-called 
fundamental metallicity relation (FMR) implies that, for a given 
Mi,, galaxies with higher SFR have lower metallicities and is 
explained by the authors by a complex interpla y between infall 
as di lution, SFR time-scale and gas outflows. IMannucci et alJ 
201 lb use the FMR to investigate the M-Z relation of LGRB 
hosts and show that they follow the extrapolation of the FMR to 
low masses (see however fKocevski & Westll201 i h. This suggests 
that a key property of LGRB hosts could be the SSFR. Indeed 
there is a cut-off^ at log(SSFR)> -10 in the SSFR of LGRB 
hosts, indicating a high efficiency in forming stars. 

The host of GRB 091 127 extends to lower stellar masses the 
sample of LGRB host at 0.3 < z < 1. The M* and metallicity 
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Fig. 6. Left panel: M-Z realtion. The black points with er- 
ror bars correspond to the GRB M* and metallicities used in 
Man nucci et al.l (1201 lb . whereas the black line shows the fit of 
the local M-Z relation presented in the same paper. Right panel: 
FMR relation. The black points with error bars correspond to 
di e GRB HQ,-i2 = log(Mv,) - 0.32 log(SFR) and metallicities used 
in IMannucci et alJ (12011 *). whereas the black line shows the ex- 
tended M-Z relation presented in the same paper In both panels 
the values for GRB 091 127 are represented by a red star with 
error bars. A color version of this figure is available online. 



values we find broaden th e space covered by the LGRB hosts in 
the M-Z plot presented bv lLevesque et alj (|2010), but can still be 
consistent with a M-Z shift of LGRB hosts compared with the M- 
Z relation found from emission lines galaxy surveys. The SSFR 
value fulfills the above-mentioned cut-off and the M*, metallic- 
ity and SFR of the host of GRB 091 127 are in perfect agree- 
ment with the extended-FMR relation (see Fig.|6]l. Moreover we 
can use the FMR to predict the host metallicity starting fr om the 
Mi, and SFR values determined. We use eq. 2 by Mannucc i et al.l 
(2011) and we obtain 12-i-log(0/H)=8.3, in perfect agreement 
with our determined value. This exercise is an example of the 
potential of the FMR: if this relation is confirmed, it will be pos- 
sible to determine all the three properties of galaxies even if the 
available observations are useful to determine two of them only. 

We do not detect any Wolf-Rayet emission lines/bumps. 
Even though the detection of these features could be expected 
if Wolf-Rayet stars are the progenitors of LGRBs, the signal- 
to-noise and flux limits of our spectra make the detection not 
possible for line s with similar luminosities of those found by 
iHanetalJ ( 120101) . 

The 2D velocity and velocity dispersion maps show that the 
kinemati cs of the GRB 091 127 host is complex. Fo llowing the 
works of Flor es et al.l (|2006) and iPuech et al.l ([2006') for a sam- 
ple of galaxies at similar redshift studied with VLT/GIRAFFE, 
the perturbed kinematics could be associated with the presence 
of strong inflows/outflows or mergers (ongoing or remnant). 
Nonetheless it should be noted that the galaxies analysed by 
these authors are much more massive and luminous than LGRB 
hosts. 

The afterglow position is consistent with the region of the 
host characterised by high SFR, as expected from the findings of 
Fruchter et al. (2006). The peak of the SFR map is close to the 
position of the velocity dispersion maximum. lGreen et al.l (1201 Ol) 
using high resolution 3D observations, found that the high veloc- 
ity dispersion is correlated with the star formation rates, claim- 
ing that star formation itself is the energetic driver of galaxy disk 
turbulence. Numerical simulations have already shown the same 
effect. In our case we are studying coarse maps and we only have 
information on a large scale. From our analysis it is not possi- 
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ble to assess a relation between the excess of SFR and the ve- 
locity dispersion behavior Further modeling is necessary and a 
detailed analysis in this sense will be presented in a future work 
dedicated to the X-shooter GTO IFU LGRB host galaxy survey. 

9. Conclusions 

We have analysed the afterglow of GRB 091127 using both 
Swift-XRT and ground based data. While the delay in the X-ray 
observations prevents us from studying the prompt/early emis- 
sion characteristics as done in Starling et al. (201 1|), we con- 






firm the presence of a SN bump as reported by ICobb et aU 
JIoTO) (the GRB091127/SN2009nz as sociation has been also 
recently claimed spectroscopically by iBerger et al.l 1201 lb and 
we point out the presence of a possible jet break, showing that 
GRB 091 127 follows the so-called Ghirlanda relation. 

We carried out a detailed study of the properties of the host 
galaxy at z ~ 0.49, using both slit and IFU X-shooter echelle 
spectroscopy. 2D GRB host maps have been previously pro- 
duced only for the host of GRB 980425 in the local universe 
JChristensen et al. 2008). 

Besides showing that the GRB 091 127 host has similar inte- 
grated properties as LGRB hosts in general, our results extend 
to lower values the M* derived for the sample of LGRB hosts at 
0.3 < z < 1.0, therefore adding new information to explore the 
faint end of the M-Z relation. To have a conclusive picture on the 
shift of the LGRB host M-Z relation from that found from emis- 
sion line galaxy surveys, it is necessary to increase the number 
of detailed studies of LGRB hosts. The SFR, M* and Z values 
determined are in perfect agreement with the FMR extension to 
low masses. 

We stress the importance of LGRB hosts to study the prop- 
erties of low-mass galaxies, since these galaxies are very often 
underrepresented in current surveys. The M-Z is a fundamental 
relation to understand galaxy evolution. It is therefore very im- 
portant to enlarge the sample of LGRB hosts to check if the M-Z 
offset is confirmed, to see how it evolves with redshift and to test 
the FMR, with the main purpose of understanding the processes 
that rule the M-Z relation. Thanks to the X-shooter sensitivity 
and wavelength coverage, with the GTO program dedicated to 
GRB host spectroscopy we will be able to significantly enlarge 
the sample of studied LGRB host galaxies and to extend it to 
higher redshift. 

IFU observations add detailed information to study this class 
of objects, not selected primarly by their luminosity and there- 
fore forming a complementary sample to those of current sur- 
veys of galaxies. 2D maps can also be used to understand which 
factors are required to drive a GRB explosion, and, for the cases 
with suitable spatial resolution, to determine the properties of 
the GRB region. The X-shooter IFU observation of the GRB 
091127 host galaxy indicates a galaxy with perturbed rotation 
and a SFR enhancement towards the centre of the host. The con- 
nection between turbulence and SFR is still debated. Thanks to 
the IFU X-shooter GTO LGRB host galaxy survey that we are 
carrying out within the French-Italian X-shooter GTO collabo- 
ration it will be possible to produce systematically 2D velocity, 
SFR and also metallicity and electron density maps for more 
than 15 LGRB host galaxies at z < 0.6. This study will provide 
a much detailed knowledge of the properties of these galaxies 
and of the GRB environment, to be compared with those of the 
star forming galaxy population and in particular with the host of 
broad-lined Ic SNe. 

Acknowledgements. This work is partially based on observations with: Gran 
Telescopio Canarias (GTC), instaled in the Spanish Observatorio del Roque 



de los Muchachos of the Instituto de Astrofisica de Canarias in the island of 
La Palma; the Centro Astronomico Hispano Aleman (CAHA) at Calar Alto, 
operated jointly by the Max-Planck Institut fiir Astronomie and the Instituto 
de Astrofisica de Andalucia (lAA-CSIC); the Nordic Optical Telescope, oper- 
ated on the island of La Palma jointly by Denmark, Finland, Iceland, Norway, 
and Sweden, in the Spanish Observatorio del Roque de los Muchachos of the 
Instituto de Astrofisica de Canarias; the APEX telescope under the ESO program 
E-084.D-0732A. This work made use of data supplied by the UK Swift Science 
Data Centre at the University of Leicester We thank the referee, Emily Levesque, 
for the accurate review of the paper SDV acknowledges useful correspondence 
with F. Mannucci, M. Modjaz and L. Nava. SDV thanks S. Savaglio and T. 
Vinci for precious help. JG, RS, AJCT, JCT, MJ, acknowledge support by the 
Spanish Ministry of Science and Innovation (MICINN) under the project grants 
AYA2008-03467/ESP and AYA2009-14000-C03-01 (including Feder funds). PJ 
acknowledges support by a Marie Curie European Reintegration Grant within 
the 7th European Community Framework Program, and a Grant of Excellence 
from the Icelandic Research Fund. The Dark Cosmology Centre is funded by the 
Danish National Research Foundation. 



References 

Amati, L. 2006, MNRAS, 372, 233 

Baldry, I. K. & Glazebrook, K. 2003, ApJ, 593, 258 

Berger, E., Chornock, R., Holmes, T. R., et al. 2011, ApJ submitted, 

ArXiv: 1106.3073 
Bloom, J. S., Kulkami, S. R., & Djorgovski, S. G. 2002, AJ, 123, 1 1 1 1 
Bloom, J. S., Kulkarni, S. R., Djorgovski, S. G., et al. 1999, Nature, 401, 453 
Bruzual, G. 2007, in Astronomical Society of the Pacific Conference Series, Vol. 

374, From Stars to Galaxies: Building the Pieces to Build Up the Universe, 

ed. A. Vallenari, R. Tantalo, L. Portinari, & A. Moretti, 303 
Bruzual, G. & Chariot, S. 2003, MNRAS, 344, 1000 
Calzetti, D., Kinney, A. L., & Storchi-Bergmann, T. 1994, ApJ, 429, 582 
Castro-Tirado, A. J., M0ller, P, Garcia-Segura, G., et al. 2010, A&A, 517, A61 
Chabrier, G. 2003, PASP 115, 763 

Chen, H.-W., Prochaska, J. X., Ramirez-Ruiz, E., et al. 2007, ApJ, 663, 420 
Christensen, L., Vreeswijk, P M., Sollerman, J., et al. 2008, A&A, 490, 45 
Cobb, B. E., Bloom, J. S., Perley, D. A., et al. 2010, ApJ, 718, L150 
Covino, S., Campana, S., Conciatore, M. L., et al. 2010, A&A, 521, A53 
Crowther, R A. 2007, ARA&A, 45, 177 

Cucchiara, A., Fox, D., Levan, A., & Tanvii', N. 2009, GCN10202 
Dahlen, T, Mobasher, B., Somerville, R. S., et al. 2005, ApJ, 631, 126 
Delia Valle, M., Chincarini, G., Panagia, N., et al. 2006, Nature, 444, 1050 
Delia Valle, M., Malesani, D., Benetti, S., et al. 2003, A&A, 406, L33 
di Paola, A. 2001, in Gamma-ray Bursts in the Afterglow Era, ed. E. Costa, 

F Frontera, & J. Hjorth, 390 
D'Odorico, S., Andersen, M. I., Conconi, P., et al. 2004, in Society of 

Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 

5492, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference 

Series, ed. A. F. M. Moorwood & M. lye, 220-229 
Evans, P A., Beardmore, A. P, Page, K. L., et al. 2009, MNRAS, 397, 1 177 
Evans, P A., Beardmore, A. P, Page, K. L., et al. 2007, A&A, 469, 379 
Fiore, E, D'Elia, V., Lazzati, D., et al. 2005, ApJ, 624, 853 
Flores, H., Goldoni, P., Royer, E, et al. 201 1, Astronomische Nachrichten, 332, 

288 
Flores, H., Hammer, R, Puech, M., Amram, P, & Balkowski, C. 2006, A&A, 

455, 107 
Fruchter, A. S., Levan, A. J., Strolger, L., et al. 2006, Nature, 441, 463 
Fynbo, J. P U., Watson, D., Thone, C. C, et al. 2006, Nature, 444, 1047 
Gal- Yam, A., Fox, D. B., Price, P A., et al. 2006, Nature, 444, 1053 
Galama, T. J., Groot, P J., van Paradijs, J., et al. 1998, ApJ, 497, L13 
Galama, T. J., Tanvii', N., Vreeswijk, P M., et al. 2000, ApJ, 536, 185 
Ghirianda, G., Ghisellini, G., & Fimiani, C. 2005, MNRAS, 361, LIO 
Ghirianda, G., GhiselUni, G., & Lazzati, D. 2004, ApJ, 616, 331 
Goldoni, P., Royer, F., Francois, P., et al. 2006, in Society of Photo-Optical 

Instrumentation Engineers (SPIE) Conference Series, Vol. 6269, Society of 

Photo-Optical Instrumentation Engineers (SPIE) Conference Series 
Granot, J. 2007, in Revista Mexicana de Astronomia y Astrofisica Conference 

Series, Vol. 27, Revista Mexicana de Astronomia y Astrofisica, vol. 27, 140- 

165 
Green, A. W., Glazebrook, K., McGregor, P J., et al. 2010, Nature, 467, 684 
Guetta, D. & Delia Valle, M. 2007, ApJ, 657, L73 
Hammer, F, Flores, H., Schaerer, D., et al. 2006, A&A, 454, 103 
Han, X. H., Hammer, F, Liang, Y. C, et al. 2010, A&A, 514, A24 
Heger, A., Fryer, C. L., Woosley, S. E., Langer, N., & Hartmann, D. H. 2003, 

ApJ, 591, 288 
Hjorth, J. & Bloom, J. S. 2011, Chapter 9 in "Gamma-Ray Bursts", eds. C. 

Kouveliotou, R. A. M. J. Wijers, S. E. Woosley, Cambridge University Press, 



10 S. D. Vergani et al.: GRB 091 127 and its host galaxy 

ArXiv: 1104.2274 
Kelly, P. L., Kirshner, R. P., & Pahre, M. 2008, ApJ, 687, 1201 
Kennicutt, Jr., R. C. 1998, ARA&A, 36, 189 
Kewley, L. J. & Ellison, S. L. 2008, ApJ, 681, 1183 
Kobulnicky, H. A. & Kewley, L. J. 2004, ApJ, 617, 240 
Kocevski, D. & West, A. A. 201 1, ApJ, 735, L8+ 

Lara-Lopez, M. A., Cepa, J., Bongiovanni, A., et al. 2010, A&A, 521, L53 
Lazzati, D., Covino, S., Ghisellini, G., et al. 2001, A&A, 378, 996 
Levesque, E. M., Berger, E., Soderberg, A. M., & Chomock, R. 2011, ApJ sub- 
mitted, ArXiv: 1104.2865 
Levesque, E. M., Kewley, L. J., Berger, E., & Jabran Zahid, H. 2010, AJ, 140, 

1557 
Liang, E.-W., Zhang, B.-B., & Zhang, B. 2007, ApJ, 670, 565 
MacFadyen, A. I. & Woosley, S. E. 1999, ApJ, 524, 262 
Maiolino, R., Nagao, T., Grazian, A., et al. 2008, A&A, 488, 463 
Mannucci, R, Cresci, G., Maiolino, R., Marconi, A., & Gnerucci, A. 2010, 

MNRAS, 408, 2115 
Mannucci, P., Salvaterra, R., & Campisi, M. A. 2011, MNRAS, 439 
McKenzie, E. H. & Schaefer, B. E. 1999, PASR 111, 964 
MeUani, Z. & Keppens, R. 2010, A&A, 520, L3 
Mirabal, N., Halpem, J. P, Chomock, R., et al. 2003, ApJ, 595, 935 
Modjaz, M., Kewley, L., Kirshner, R. R, et al. 2008, AJ, 135, 1136 
Morrison, R. & McCammon, D. 1983, ApJ, 270, 1 19 
Nava, L., Ghirlanda, G., Ghisellini, G., & Celotti, A. 2011, A&A, 530, A21 
Osterbrock, D. E. 1989, Astrophysics of gaseous nebulae and active galactic 

nuclei (Mill Valley, CA, University Science Books) 
Panaitescu, A., Meszaros, P., Gehrels, N., Burrows, D., & Nousek, J. 2006, 

MNRAS, 366, 1357 
Patat, R, Cappellaro, E., Danziger, J., et al. 2001, ApJ, 555, 900 
Pel, Y. C. 1992, ApJ, 395, 130 

Pettini, M. & Pagel, B. E. J. 2004, MNRAS, 348, L59 
Puech, M., Hammer, R, Flores, H., Ostlin, G., & Marquart, T. 2006, A&A, 455, 

119 
Salpeter, E. E. 1955, ApJ, 121, 161 

Savaglio, S., Glazebrook, K., & Le Borgne, D. 2009, ApJ, 691, 182 
Schaefer, B. E., Gerardy, C. L., Hoflich, P, et al. 2003, ApJ, 588, 387 
Schlegel, D. J., Finkbeiner, D. P, & Davis, M. 1998, ApJ, 500, 525 
Skrutskie, M. R, Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163 
Soderberg, A. M., Chakraborti, S., Pignata, G., et al. 2010, Nature, 463, 513 
SoUerman, J., Holland, S. T., Challis, P, et al. 2002, A&A, 386, 944 
Sollerman, J., Kozma, C, Rransson, C, et al. 2000, ApJ, 537, L127 
Sollerman, J., Ostlin, G., Fynbo, J. P U., et al. 2005, New Astronomy, 11, 103 
Sparre, M., Sollerman, J., Fynbo, J. P U., et al. 201 1, ApJ, 735, L24 
Starling, R. L. C., Wiersema, K., Levan, A. J., et al. 201 1, MNRAS, 411, 2792 
Starling, R. L. C, Wijers, R. A. M. J., Hughes, M. A., et al. 2005, MNRAS, 360, 

305 
Thone, C. C, Fynbo, J. P U., Ostlin, G., et al. 2008, ApJ, 676, 1151 
Thone, C. C, Goldoni, P, Covino, S., et al. 2009, GCN 10233, 233, 1 
van Dokkum, P G. 2001, PASR 113, 1420 
van Eerten, H. J. & MacFadyen, A. I. 201 1, ArXiv e-prints 
van Marie, A. J., Langer, N., Yoon, S.-C, & Garcia-Segura, G. 2008, A&A, 478, 

769 
Wilson-Hodge, C. A. & Preece, R. D. 2009, GCN 10204, 204, 1 
Woosley, S. E. 1993, ApJ, 405, 273 

Yang, Y, Flores, H., Hammer, F, et al. 2008, A&A, 477, 789 
Yoon, S.-C, Woosley, S. E., & Langer, N. 2010, ApJ, 725, 940 
Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, ApJ, 642, 354 
Zhang, B. & Meszaros, P. 2004, International Journal of Modern Physics A, 19, 

2385 



